ABSTRACT: Genomic integrity, when compromised by accrued DNA lesions, is maintained through efficient repair via homologous recombination. For this process the ubiquitous recombinase A (RecA), and its homologues such as the human Rad51, are of central importance, able to align and exchange homologous sequences within single-stranded and doublestranded DNA in order to swap out defective regions. Here, we directly observe the widely debated mechanism of RecA homology searching at a single-molecule level using high-speed atomic force microscopy (HS-AFM) in combination with tailored DNA origami frames to present the reaction targets in a way suitable for AFM-imaging. We show that RecA nucleoprotein filaments move along DNA substrates via short-distance facilitated diffusions, or slides, interspersed with longer-distance random moves, or hops. Importantly, from the specific interaction geometry, we find that the double-stranded substrate DNA resides in the secondary DNA binding-site within the RecA nucleoprotein filament helical groove during the homology search. This work demonstrates that tailored DNA origami, in conjunction with HS-AFM, can be employed to reveal directly conformational and geometrical information on dynamic protein−DNA interactions which was previously inaccessible at an individual single-molecule level.
T he repair of DNA damage, in particular double stranded breakages, is critical to the maintenance of genomic integrity in all forms of life. Where lesions occur, the DNA sequence is normally recovered by homologous recombination, which exchanges identical or very similar DNA strands, in order to overcome deleterious cell activity or carcinogenesis. Homologous recombination is mediated by the ubiquitous recombinase A (RecA) family of recombinases and involves three steps: formation of a nucleoprotein filament; location of sequence homology; and finally strand exchange. An overview of this process is given in Figure 1a . In the first step, RecA monomers polymerize nonsequence specifically on single-stranded DNA (ssDNA)at a stoichiometry of three nucleotides (nt) to one RecA monomerin the presence of Mg 2+ and ATP (or ATP analogues such as ATPγS) to form a right-handed helical nucleoprotein filament, 10 nm wide, and with a helical pitch of 10 nm. 1, 2 The encapsulated ssDNA is held in the core of the filament bound through hydrogen bonds formed between the nucleic acid phosphate groups and residues in the L1 and L2 loops which collectively make up DNA-binding-site I of the RecA protein. The nucleobases are orthogonal to, and spiral around, the helical axis of the filament with 6.2 RecA monomers and 18.5 nt per turn.
Once formed, the nucleoprotein complex searches available and accessible double-stranded DNA (dsDNA) for sequence homology between the encapsulated ssDNA and the dsDNA substrate. 2 Molecular dynamics (MD) simulations suggest that the incoming dsDNA enters the filament via the filament's helical groove, 3 giving rise to a characteristic interaction geometry which is as yet unverified experimentally. Access to the helical groove is gated by the predominately negatively charged C-terminal domain which protrudes radially from the complex. 3, 4 The incoming dsDNA is thought to bind transiently along a strongly electronegative cleft located at the C-terminal side of the L2 loop, commonly referred to as DNA-binding-site II, with three nucleotides roughly in B-form bound by each RecA monomer and with large stretches between neighboring triplets. 5 Binding occurs via salt bridges formed with the backbone of the strand that is not probed for homology, the outgoing strand, leaving the other complementary strand of the dsDNA free to interact with the encapsulated ssDNA. 3 It has been proposed that a number of L2 loop residues intercalate in the stretches between the nucleotide triplets of the incoming dsDNA supporting the extension of the dsDNA from the B-form and causing a kink which disrupts the base stacking. This allows the complementary strand of the incoming dsDNA to be presented in registration with the encapsulated ssDNA in binding-site I such that new base pairs can be formed. 3, 6 Where sequence homology is located, further base pairing occurs, continually stabilizing the pairing as the incoming strand processively winds into the nucleoprotein filament. The new duplex is finalized and released from the nucleoprotein complex as RecA dissociates upon hydrolysis of the ATP which is bound at the monomer−monomer interface. 7−9 To date, the mechanism and interaction geometry by which RecA orchestrates its homology search remains widely debated, particularly given that no motor activity has been identified despite the inclusion of ATP in the nucleoprotein filament. The current understanding is derived from a multitude of biochemical, 10, 11 average reconstructed structural information, 12−18 and MD simulations. 3, 4, 19 Typically, single-molecule experiments on the RecA homology searching mechanism have relied on indirect reporting, 20 for example, FRET-based studies, 21, 22 which are limited in their ability to resolve unambiguously specific events of individual RecA filament− DNA encounters where contributions of other simultaneous interactions may contribute to the signal. This is a particular problem where RecA has been shown to interact cooperatively during homology searching under these conditions. 23 In contrast, atomic force microscopy (AFM) offers the spatial and temporal resolutions to interrogate directly nucleoprotein interactions unambiguously at the single-molecule level. Here, we utilize surface-immobilized DNA origami nanostructures to present localized but only weakly bound dsDNA on which individual RecA nucleoprotein filaments can undertake homology searches. This system enables the interrogation of individual searching events through high-speed atomic force microscopy (HS-AFM), which provides detailed information regarding the geometry and mode of interaction between the nucleoprotein filament and the DNA substrate (Figure 1b) .
RESULTS AND DISCUSSION
The DNA origami nanostructure was designed as a frame and is based on our previous work, 24 featuring two dsDNA strands at its core, a control (fully heterologous) and a reaction (with a 30 bp homologous region) strand (Figure 1b,c and Supporting Information Figure S4 ). This enables nonsequence-specific searching activity across heterologous sequences to be discerned from specific interactions resulting from the location of homology. Furthermore, searching activity across noncontiguous dsDNA can be observed.
RecA nucleoprotein filaments were imaged in situ with HS-AFM while searching for homology on the dsDNA presented by the DNA origami nanostructures. Once individual filaments 
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Article associate with the dsDNA, they can be seen to move freely along the partially constrained dsDNA despite being confined to the central cavity of the DNA origami nanostructure, tracking back and forth along the DNA strands as well as jumping from one strand to the other ( Figure 2 and Movie S1). The searching activity is shown to be independent of the AFM 
Article scanning direction, demonstrating the minimal influence exerted by the scanning AFM probe ( Figure S1 ).
The discrete motions of the nucleoprotein filaments were determined with respect to the internal dsDNA strands using the DNA origami frame as a reference. The frame presents the dsDNA in a predictable position, and hence the center of mass of individual filaments can be plotted along its length vs time (Figure 2b ), where two distinct types of motion can be discerned. Short regions of consistent unidirectional movement, referred to as slides (Figure 2b , red arrows and Figure S3 , black arrows) are observed, separated by large random jumping motions between a variety of positions along the DNA strand, referred to as "hops" (random sampling) (Figure 2b , blue arrows). The procedure for identifying these motions is detailed in Figure S2 . The direct observation of persistent dsDNA-associated motion further validates the previously reported mechanism of 1D facilitated diffusion or sliding along a DNA substrate during RecA-facilitated homology search. 21 Examples of the two distinct motions can be seen in Figure 2c ,d for slides and hops, respectively (see also Movie S1).
From the analysis of more than 30 motion plots similar to the one reported in Figure 2b , we observe sliding motions over an average distance of 6.0 ± 1.0 bp, with up to a maximum distance of 25 bp (Figure S3 ), yielding an average search rate of 0.9 ± 0.3 bp s −1
. We note that despite the biological reaction being confined to the surface, and thus a solid−liquid interface (as required for AFM studies), the slides observed here are only three times slower than those suggested by recent FRET experiments. 21 The short distances and the low occurrence frequency when compared to random sampling suggest that sliding facilitates checking for homology around the current location and is not a primary sampling method. The search rate for hops is considerably faster, at 6.2 ± 3.7 bp s −1 , than that observed for slides and with an average movement distance of 19.5 ± 2 bp. The overall combined search rate is 3.5 ± 2.0 bp s −1 under the conditions used in this study. The nucleoprotein filaments search both the reaction and control strands with no discernible differences, demonstrating that all of the available sequence space is sampled.
The average dwell-time of a filament on the dsDNA is of the order of a few secondsunless it encounters a sequence of homologyafter which the filament detaches from the dsDNA and can reattach to either the same dsDNA at a different position, or in fact attach to another dsDNA. This predominately random sampling approach enables the filament to search noncontiguous DNA, here the control and reaction strands, in concert as shown in Figure 3 (and also Movie S2). In vivo this is likely to be accompanied by intersegmental transfer, where disparate regions of the same filament are able to interact with separate dsDNA sequences independently. 20 However, the filaments in this work are too short, with only 30 nt representing 1.5 turns of the nucleoprotein helix, for this to be observed.
Although filaments searching for homology were frequently observed throughout this study, successful location of homology was rare. This is likely a result of the reduced degrees of freedom of the dsDNA substrate given its tethered 
Article termini, which may restrict the ability of additional dsDNA to enter the helical groove of the filament to probe for further sequence homology. Nonetheless, stable nucleoprotein complexes can be observed at the region of homology due to the inclusion of ATPγS which prevents the RecA from dissociating ( Figure 4) . The bound complexes remain located at the homologous sequence through successive images and in fact move in concert with the fluctuations of the dsDNA, suggesting substantial stability of the nucleoprotein−dsDNA complex, as well as confirming that they are not only transiently bound (Figure 4c ,e,f and Movie S3).
The geometry of the interaction of the RecA-filament with an incoming dsDNA has been predicted through MD simulations, 3 where it was estimated that the angle between the filament and the dsDNA is 108°during the interaction. Here, we are able to verify experimentally and directly the proposed interaction geometry throughout the dynamic homology searching process, which was enabled by the use of the DNA origami frame as a reference ( Figure 5 ). Given that the nucleoprotein filament has a helical symmetry and making the reasonable assumption that it lies within the surface plane, the orientation of the interaction can be determined between the dsDNA and the filament during its search. Figure 5a shows the distribution of interaction angles, measured as indicated in Figure 5b , revealing a characteristic interaction angle of 106 ± 11°between the nucleoprotein filament and the dsDNA with reference to the direction of travel.
The observed interaction geometry fits well with that proposed by the simulations of Yang et al. 3 (108°; Figure  5c ,d), suggesting that the incoming dsDNA indeed aligns with binding site II within the helical groove of the filament. From Figure 5d , the encapsulated ssDNA running the length of the filament (orange) can be seen to be orientated with respect to the incoming dsDNA (purple and blue) at an angle very similar to that observed in this study.
Although HS-AFM does not yet have sufficient spatial resolution to infer the exact geometry of the section of the dsDNA where it enters the filament or to confirm the existence 
Article of a kink in the incoming dsDNA owing to the localized melting, it provides direct experimental evidence of the transient alignment of dsDNA within the nucleoprotein filament's helical groove during homology searching.
CONCLUSIONS
We have demonstrated that HS-AFM combined with the DNA origami frame system, where a biological interaction can take place within a structurally robust reference, can provide conformational and geometrical information on dynamic nucleoprotein interactions at a single-molecule level, revealing details unobtainable by any other method.
Exploiting this system, we directly show that RecA nucleoprotein filaments undergo facilitated diffusion along the incoming dsDNA during homology searching. In this mode only short distances are exploredapproximately 6 bp at a timeand hence it is likely to relate to the checking of sequence registration surrounding locations of microhomology, while the overall sequence space is randomly sampled.
Furthermore, we demonstrated that the nucleoprotein filament interaction with the incoming dsDNA occurs with a distinct and defined geometry. The observed interaction geometry suggests that the dsDNA enters the nucleoprotein filament aligned with the DNA-binding-site II of RecA which follows the right-handed helical groove, experimentally corroborating the findings of the MD simulations of Yang et al. 3 The ability to extract critical geometrical information from dynamic single-molecule experiments is thereby demonstrated as a key strength of this approach and will aid in the further understanding of other nucleoprotein interactions and systems.
MATERIALS AND METHODS
Materials. All DNA oligonucleotides that formed the central strands, DNA frame staples, and the nucleoprotein filament substrate used in this study were synthesized by Integrated DNA Technologies (IDT; Coralville, USA). The M13mp18 ssDNA was purchased from New England Biolabs (NEB; Ipswich, USA). The sequences for all DNA species used in this study are provided in Supporting Information. RecA protein (E. coli) was purchased from NEB at a concentration of 2 mg/mL and was used without further purification. Adenosine 5-(γ-thio)triphosphate (ATPγS) tetralithium salt, made up to 5 mM, Mg(OAc) 2 , made up to 100 mM, Tris acetate, made up to 100 mM, pH 7.4, and NiCl 2 , made up to 10 mM in deionized water, were all purchased from Sigma-Aldrich (St. Louis, USA).
Formation of Origami Nanostructure. The DNA frame was formed as from the design published by Yamamoto et al., 24 using the caDNAno software. 25, 26 The DNA origami structure was formed from the collective self-assembly of 224 oligonucleotide staples (sequence list, Table S1 ) and M13mp18 ssDNA scaffold. Structures were folded in 10 mM Tris acetate (pH 7.4), 10 mM Mg(OAc) 2 , and 1 mM EDTA following a cooling gradient of −1°C min −1 from 95 to 15°C. The central reaction and control DNA strands were hybridized from their constituent oligonucleotides (sequence list, Table S2 ) as above and were incorporated into the DNA origami following a gradient of −0.5°C min −1 from 45 to 15°C. Completed structures were purified using a Sephacryl S400 (GE Healthcare, Buckinghamshire, UK) size exclusion matrix in a buffer containing 10 mM Tris acetate (pH 7.4), 10 mM Mg(OAc) 2 and 1 mM EDTA to remove excess staples and unincorporated central strands.
RecA Nucleoprotein Filament Formation. RecA nucleoprotein filaments were formed as previously described by Sharma et al. 27 Briefly, RecA protein was introduced to the 30 nt DNA oligonucleotide at a ratio of 1 RecA monomer to 3 nucleotides in the presence of 500 μM ATPγS, 10 mM Tris acetate (pH 7.4), and 2 mM Mg(OAc) 2 . The reaction was incubated at 37°C for 15 min.
In Situ Homology Searching. Complete DNA frames were deposited upon freshly cleaved mica, incubated for 15 min, and rinsed off with deionized water before being immersed in a buffer containing 10 mM Tris acetate (pH 7.4) and 10 mM Mg(OAc) 2 .
Nucleoprotein filaments were introduced to the surface-bound DNA frames at a ratio of 1:10 (nucleoprotein filament: DNA frame) and incubated on the surface for 5 min at 22°C. The subsequent homology searching interactions were followed by continually scanning with the HS-AFM in the same buffer at 22°C.
HS-AFM Imaging. All samples were imaged in tapping mode (amplitude modulation), in aqueous buffer, with a Bruker Dimension Fastscan AFM (Bruker Nanosurfaces, Santa Barbara, USA), using Fastscan D etched Si 3 N 4 cantilevers (nominal spring constant = 0.25 N/m, resonant frequency approximately 110 kHz in liquid) containing a Si tip (nominal radius of curvature = 5 nm). Cantilevers were driven close to resonance under liquid, and images were typically acquired with a pixel density of 512 × 512, a scan speed of 38 Hz and a tapping amplitude of 4−6 nm. Images were flattened by plane-fitting using the associated Nanoscope analysis software (Bruker Nanosurfaces, Santa Barbara, USA). ImageJ software (http://rsbweb.nih.gov/ij/)w a s subsequently used to determine the nucleoprotein filament coordinates throughout sequential images in a series. The conditions for the classification of the different nucleoprotein filament motions are defined in Figures S2 and S3 .
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